Adult sand fiddler crabs, Uca pugilator, forage in large herds on exposed sediment during low tide. These herds form as a response to optimal foraging conditions but may have an additional benefit of water conservation. We determined water loss rates for crabs in groups of different sizes. Crabs in groups of 10 and 20, but not in a group of 5 or isolated individuals, showed a water-conserving group effect, yielding nearly a two-fold decrease in water loss rates. Other characteristics of U. pugilator (water content, dehydration tolerance, activation energies for water loss, critical transition temperature, and critical equilibrium humidity) are consistent with a hydrophilic water balance profile. Because crabs did not replenish water supplies from water vapor like some terrestrial arthropods, water conservation is vital to crab survival outside burrows. Enhanced water retention generated by herding likely permits more time for feeding outside the burrow, while also increasing feeding efficiency by minimizing frequency of water uptake. The fact that U. pugilator is semiterrestrial suggests that a reduction in water loss due to group effects may provide a mechanism for terrestrialization.
The sand fiddler crab, Uca pugilator (Bosc 1802), inhabits tropical and temperate sandflats and salt marshes on the Atlantic and Gulf Coasts of the United States (Crane, 1975) . Crabs build burrows in high intertidal and supratidal areas and emerge at low tide to forage on exposed sediments. Many crabs travel to the low intertidal zone in herds that can be made up of thousands of individuals (Crane, 1975; Salmon and Hyatt, 1983; Colby and Fonseca, 1984) in densities greater than 200/m 2 (Reinsel, 1995) . Robertson et al. (1980) suggested that these herds form in response to a gradient of increasing food concentration from the supratidal to low intertidal zones. Under laboratory conditions, U. pugilator feed only when sediment is 100 percent saturated with water and sediment organic content is above one percent (Reinsel and Rittschof, 1995) , implying that herding in U. pugilator is simply a response to optimal foraging conditions. One explanation for herding in sand fiddler crabs is avoidance of predation risk (Viscido and Wethey, 2002) . Food availability (Murai et al., 1983) and sediment water content (Henmi, 1989) have also been suggested as reasons for herding in other ocypodid crabs. Another possible benefit of herding behavior is a group effect that may reduce water loss in individual crabs.
Desiccation is a potential problem for many terrestrial arthropods; group formation has been shown to promote water conservation in several noncrustacean arthropods. This is particularly common in the eusocial Hymenoptera (ants and termites; Grassé and Chauvin, 1944; Sigal and Arlian, 1982) and hissing cockroaches (Yoder and Grojean, 1997) . Group effects with regard to water loss are similarly present in beetles (Yoder et al., 1992; Yoder and Smith, 1997) , ticks (Yoder and Knapp, 1999) and mites (Glass et al., 1998) . In all of these cases, individuals in a group retain water more effectively (they have lower water loss rates) than isolated individuals. Behavioral regulation of water loss in this way is an important feature for arthropods because their small size creates a water loss problem (Hadley, 1994) . Conceivably, small marine crabs like U. pugilator that reside in warm, high salt, desiccating environments also experience water loss during foraging. The possibility that herding contributes to water conservation in fiddler crabs has not been evaluated.
The primary goal of this study was to examine whether a group effect operates in U. pugilator herds to reduce water loss in individuals. Common features associated with water conservation were explored by determining the crabs' water content and ability to retain water at different relative humidities and temperatures. Moisture requirements were examined to better understand: (1) habitat preference and suitability of U. pugilator; (2) potential for migration into new geographic regions; and (3) features essential for survival. Research focused on comparing water loss rates of crabs in groups of different sizes, anticipating lower water loss rates as group size increased.
Another objective of the present study was to determine whether U. pugilator uses water vapor as a primary source of water. Survival of terrestrial crabs on land is exclusively linked to seeking out moist reprieves within burrows, located in the nutrient-poor, higher intertidal zone (Harris and Kormanik, 1981) , that presumably offer a source of water vapor. Replenishing water supplies by water vapor absorption is common in ticks and mites, relatives of crabs (Hadley, 1994) . Arthropods capable of this feat maintain body water levels (water gain ¼ water loss) at relative humidities below saturation, and the uptake mechanism (oral or anal) centers around production of a hygroscopic salt solution (Wharton, 1985) . Water vapor absorption has not been rigorously studied in crabs; thus, this study also seeks to make a contribution to this area. That U. pugilator is semiterrestrial, forms herds, and feeds actively at night, makes them unique among crabs and ideal for examining this possibility.
MATERIALS AND METHODS

Materials, Test Conditions, and Pretreatment
Crabs were collected in October, 2001, at low tide from the Rachel Carson Estuarine Research Reserve near Beaufort, North Carolina. Only adult males with both chelae were used in the experiment. Specimens were maintained in large (66 L) shallow plastic containers with a 10 cm deep sand slope at one end and about 2 cm of 35 ppt artificial seawater to approximate a sloping beach habitat. Crabs were fed TetraMin Ò Standard Mix flake food daily. Salinity was tested and adjusted weekly.
Weighing was conducted on an electrobalance (CAHN 25, Ventron Co.; Cerritos, California; precision of 0.2 lg SD and accuracy of 6 6 lg at 1 mg). Calcium sulfate (CaSO 4 ) provided 0% relative humidity (% RH) (Toolson, 1978) and saturated salts (Winston and Bates, 1960) and glycerol-water mixtures (Johnson, 1940 ) generated 85%, 93%, and 98% RHs in sealed glass desiccators (2000 cc, l3w3h ; the substratum for the crabs was a porcelain plate). Weekly hygrometric (6 0.5% RH SD; Thomas Scientific, Philadelphia, Pennsylvania) measurements showed that % RH varied less than 1% during the experiment. Environmental cabinets (6 0.58C) were used to control temperature, with basic observations being conducted at 22-248C. Photoperiod was held constant at 14 h : 10 h, L:D.
In the laboratory, crabs were weighed singly, without enclosure or anesthesia, permitted to walk onto the weighing pan of the balance, and returned to test conditions in less than 1 min. Enclosures were not used for weighing so that mass changes reflect crab water levels and not water adsorbed onto the enclosure surface; no anesthesia was used so that water loss rates are not obscured by passive losses through the mouth and anus due to inoperable closing mechanisms; and the less than 1 min weighing time indicates that crabs were only out of experimental conditions for a brief time. So that mass changes reflect changes in body water levels, crabs were starved and deprived of free water for 12 h at 93% RH, 22-248C, and then at 33% RH, 408C, until 4-6% body mass had been lost to physiologically standardize the body water level (Wharton, 1985; Hadley, 1994) .
Water Loss
Behavioral observations were coupled with mass measurements to determine the lowest amount of body water required for survival. Crabs were weighed, placed at 0% RH, 22-248C, and reweighed at 2 h intervals for a total of five readings of mass. Under 0% RH, no water is available for sorption; thus, mass changes are attributed solely to loss and conforms to standard practice (Wharton, 1985) . To determine dry mass, a group of crabs was transferred to 0% RH and 908C for 5 d until mass remained constant (absolute dryness; the crabs were dead) (Hadley, 1994) . The difference between initial and dry masses was the water mass (m), which represents the total amount of water in the crab that is available for exchange, and was expressed as a percentage of initial mass (¼ percentage body water content) (Wharton, 1985; Hadley, 1994) .
Under prolonged desiccating conditions (0% RH; 22-248C), the mass corresponding to the point where crabs were unable to right themselves and crawl one body length was designated as the critical activity point (¼ dehydration tolerance; Yoder and Smith, 1997) , and was expressed as the percentage of mass lost; that is, (m t À m 0 )/m 0 3 100%, where m t is the mass at time t and m 0 is the initial water mass. Mass readings taken before the critical activity point was reached were used to derive water loss rates (integumental plus respiratory water loss) according to Wharton's (1985) exponential model (Equation 1):
Eq: 1 or ln m t /m 0 ¼Àk t , where k is the percentage of water lost in time, t, between m 0 and m t . Net water loss rates were derived from the slope of a regression on a semilogarithmic plot of ln (m t /m 0 ) vs. time and were expressed as %/h. To compare with natural herding behavior, water loss rates (Equation 1) were determined for individual crabs placed in test group sizes of 1, 5, 10, and 20. Individuals for monitoring were marked on the carapace with a spot of white paint (Pactra, Van Nuys, California) as described (Yoder and Grojean, 1997) (paint had no effect on mass changes; data not shown). After weighing, the marked individual was returned to the group.
The contribution of the cuticle in restricting integumental water loss was examined by measuring passive water loss rates (k) as defined by activation energies (E a ) (Yoder and Spielman, 1992) . Water loss rates were derived similarly (Equation 1), except crabs were first killed by freezing at À208C (thereby, loss is attributed solely to that through the cuticle excluding gill and branchial chamber cuticle, and thus, without a respiratory component), and temperature was varied. Activation energy, E a , describing the frequency of water molecule collisions, was derived from the slope of a regression on an Arrhenius plot (rate vs. reciprocal absolute temperature, T) (Toolson, 1978) (Equations 2 and 3):
where R is the gas constant, A is the frequency factor, and t is the temperature over range i with respect to the loss rate (k) of the amount (n) of water, and was expressed as J/mol. A temperature-induced phase change in epicuticular lipids (critical transition temperature, CTT; Hadley, 1994) due to a change in E a and a new temperature range (i) (designated when R . 0.95; Yoder and Spielman, 1992) shows the temperature threshold of a particularly rapid water loss.
Water Gain
Atmospheric water vapor was examined as a potential water resource. Crabs were weighed in different relative humidities, 85%, 93%, and 98% RHs at 22-248C, and reweighed at daily intervals. Maintenance of a relatively constant water mass (m) over a period of consecutive days in subsaturated air indicates water loss is balanced by gain and provides evidence of water vapor absorption. The lowest relative humidity where water balance is achieved (gain ¼ loss) is the critical equilibrium humidity (CEH), a relative humidity level that results in water gain if surrounding atmosphere is higher, resulting in hydration shown by an increase in water mass (Wharton, 1985) . Under less than 100% RH conditions, water loss occurs (declining water mass) in absence of a water vapor uptake mechanism (Wharton, 1985) and indicates that water balance can be achieved only at relative humidities at or above 100%, RH; thus, CEH . 100% RH. If the CEH exceeds 100%, water loss can be countered only by imbibing or otherwise absorbing liquid water (Arlian and Ekstrand, 1975) .
Statistics Data (mean 6 SE; 3 replicates of 15 individuals each or until 45 individuals had been tested) were compared with an analysis of variance (ANOVA), following an arcsin transformation in the case of percentages. Characteristics derived from regression lines were compared using the Sokal and Rohlf (1995) test for the equality of slopes of several regressions.
RESULTS
Water Pool Initial, water and dry mass values were 1.38 6 0.14 g, 0.92 6 0.09 g, and 0.46 6 0.06 g, respectively, making the percentage body water content 66.67 6 0.44%. In all cases, the water mass correlated positively with the dry mass (R ! 0.97; F ¼ 496.03; P , 0.001). Crabs were similar in size, shape, and body water pool in the experiment, implying that surface-area-to-volume effects on water loss rate are negligible. Thus, the differences that we note are most likely group-related.
Water Loss Group-housed individuals (group size of 10) lost 0.74 6 0.06% body water/h compared to 1.29 6 0.04%/h for those held in isolation (F ¼ 5.219; P , 0.05; Fig. 1 ). This nearly two-fold difference in water loss rates was also observed for crabs in a group of 20 (net water loss rate¼ 0.80 6 0.007%/h; F ¼ 5.409; P , 0.05), but not for individuals in a group of 5 (net water loss rate ¼ 1.15 6 0.05%/h). Passive water loss rates displayed direct Boltzmann dependence on temperature (R ! 0.98), with an E a for water loss of 5 J/mol (Fig. 2) . The continuous slope (single component curve) over a broad temperature range (4-608C) shows that there is no special temperature above which water loss rates accelerate sharply due to a phase change in epicuticular lipids; i.e., no critical transition temperature (CTT) was detected. Under prolonged 0% RH conditions, crabs failed to right themselves and crawl one body length after 23.7 6 0.9% of their body mass (¼ critical activity point) had been lost. This dehydration tolerance limit correlates with survivability estimates of less than 1 d at 0% RH for the isolated individuals and nearly twice that, 1-2 d, for group-housed individuals given the corresponding rates of water loss. Our conclusion is that individuals in a group retained water more effectively than isolated individuals, and this is reflected by enhanced survivorship in dry air.
Water Gain
Crabs did not maintain equilibrium water content in subsaturated air, resulting in water losses at all relative humidities tested, hence gain 6 ¼ loss (Fig. 3) . Thus, body water losses were not countered by gains from the air, even at relative humidities close to saturation. As such, the CEH . 100% RH; that is, only by imbibing free liquid water, not water vapor, can water balance be achieved. More water was retained as the air became more humid (R 0.94; F ¼ 5.172; P , 0.05), which is indicative of passive gains (physical adsorption and passive chemisorption of water vapor) onto the cuticular surface. We concluded that these crabs do not use atmospheric water vapor as a primary source of water, specifying the necessity of drinking free water (by capillary hairs; see below) to replenish water stores.
DISCUSSION
Many characteristics are shared between adult male sand fiddler crabs, U. pugilator, and other arthropods. The mean percentage water content of most terrestrial arthropods averages 70% in insects, ticks, and mites (Hadley, 1994) . The percentage of body water in the sand fiddler crab (67%) approximates this mean value and is similar to that of adult Pacific crabs, Gecarcoidea lalandii Milne Edwards, 1837 (60%), Cardisoma carnifex Herbst, 1794 (66%), and Birgus latro (L., 1767) (66%) (Harris and Kormanik, 1981) . Typically, arthropods can only tolerate about a 20-30% loss of their body water (Hadley, 1994) ; hemolymph volumes of crustaceans also fall in the range of 25-30% of body weight (Harris and Kormanik, 1981) . Harris and Kormanik (1981) report that the Pacific crabs G. lalandii, C. carnifex, and B. latro tolerate approximately 15-22% loss of their body water. Dehydration tolerance is slightly greater (24%) for adult males of U. pugilator but is still within the range of most arthropods. No temperature caused a dramatic shift in water loss trends (no CTT was detected); water loss increased progressively with increasing temperature, but unlike some arthropods, crabs did not experience an abrupt Fig. 1 . Group effect for a size of 10 on net water loss by adult males of Uca pugilator at 0% RH (integumental and respiratory water loss) and 22-248C. The slope of the line through the plot is the rate of water loss; m t ¼water mass at any time t, and m 0 ¼ initial water mass. Each point represents the mean of 30 crabs. Vertical error bars lie within the graph symbols (SE 0.004). acceleration in water loss (Wharton, 1985; Hadley, 1994) . Our observation that the CEH . 100% RH indicates that U. pugilator cannot absorb water vapor from the air and must drink or otherwise absorb liquid water (Arlian and Ekstrand, 1975) . Indeed, a possible source of water for semiterrestrial crabs is sand capillary water (Thompson et al., 1989) that is absorbed by the gills and/or imbibed. Tufts of setae located on the bases of the second and third walking legs accomplish this feat via water extraction from moist sand by capillary action (Wolcott, 1984) . In fact, sand fiddler crabs and the majority of arthropods share free water as their primary method of hydration (Hadley, 1994) . In U. pugilator, water losses are most likely balanced by gains from moist sand or by ingesting moist food.
Crabs and other semiterrestrial arthropods are generally considered highly permeable, exhibiting high net water loss rates (Harris and Kormanik, 1981; Hadley, 1994 ). An inability to retain water effectively (high water loss rates) is characteristic of arthropods that occupy warm, humid environments, and this is precisely the situation for U. pugilator. As anticipated, U. pugilator is hydrophilic with regard to water balance, leading to interpretations that their ability to gain water is more important than their ability to retain water (modified from Hadley, 1994) . The high net water loss rates of U. pugilator are consistent with their tropical origin and correspond to their water requirements for life in a humid environment and their habitat preference. Thus, the water balance profile characterization of U. pugilator is not unexpected.
Uca pugilator is distinguished from most other arthropods by a group effect that helps them retain water more effectively. Previously, it was not known that this crab could regulate water loss as a consequence of their herding behavior. How the group functions to lower the net water loss rates of individual members within the herd is not known. Because the crabs are not that close together, the possibility that the herd functions as a superorganism by decreasing the surface area to volume ratio (Yoder et al., 1992) seems unlikely. An alternative explanation is respiratory water loss could decrease with increasing group size by lowering individual's metabolic rate (Yoder et al., 1992) . However, the general mechanism known to decrease water loss operates by raising the relative humidity inside the cluster (Yoder and Smith, 1997; Glass et al., 1998) , and we are presently investigating this in U. pugilator. Also, the possibility that crabs in groups of 10 and 20 were less active, thereby lowering their water loss compared to possibly more active groups of 5 and singles cannot be excluded.
Past evidence has indicated that fiddler crabs form herds in order to forage on wet, food-rich sediments near the waters edge (Reinsel and Rittschof, 1995) , therefore herding could be a response to optimal foraging conditions. Alternatively, herding is an adaptive behavior to help reduce otherwise large losses of body water, like aggregation formation in response to desiccation by certain kinds of insects, ticks, and mites (Yoder et al., 1992; Yoder and Smith, 1997; Glass et al., 1998) . Because foraging during hot summer days might expose crabs to potentially desiccating conditions on the drying surface of the ground, the group effect demonstrated herein probably allows crabs to feed for longer periods without becoming dehydrated. However, the reduction of water loss in a group is not necessarily alternative to the adaptive value of herding to maximize (and keep safer) foraging. One intriguing hypothesis is that because U. pugilator is semiterrestrial, group effects with regard to water balance may be important for the advancement of crabs from water to land. Owing to these considerations, water-conserving group effects in arthropods may represent a dimension of terrestrialization.
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